Abstract: Little research has evaluated naturally vegetated buffers to retain pollutants in soil from concentrated runoff through deep (2-14 m) gullies. Soil enrichment in the flow path of 11 naturally vegetated gullies in southern Alberta, Canada, was used as a long-term signature of filtering during concentrated flow. Soil was sampled at three depth intervals (0-2.5, 2.5-5, and 5-10 cm) along two 50-m transects inside and outside the flow path of the vegetated gullies in each of 3 yr (2011)(2012)(2013). The influence of soil type, flow path (inside vs. outside), distance into vegetated flow path, depth, and their interactions on enrichment of nutrients (NH 4 -N, NO 3 -N, soil test P (STP), total P) and particle size fractions (clay, silt, and sand) was determined. Significantly (P ≤ 0.05) greater enrichment of nutrients and specific particle size fractions inside than outside the flow path of the vegetated gully suggested that greater deposition occurred inside the concentrated flow path. In contrast, there was little evidence for enrichment of nutrients and sediment at the front or inlet of the buffer (except STP), or for infiltration of more soluble nutrients into the subsoil. Soil enrichment in buffers may reveal long-term filtering processes that may not be shown with short-term runoff experiments.
Introduction
Buffer zones or filter strips are planted or natural bands of vegetation located between pollutant source areas and receiving waters to remove pollutants from surface and subsurface runoff (Mostaghimi et al. 2001) . Although buffer strips on agricultural land are generally located on cropland that is set aside from crop production, naturally vegetated field margins adjacent and downslope to cropland are also a form of vegetated buffer strip (Hickey and Doran 2004; Sheppard et al. 2006) .
Buffer or filter strips are most effective for shallow overland flow or sheet flow; but they may be ineffective if fast-moving, concentrated, or channel flow causes "short-circuiting" (Mostaghimi et al. 2001) . The dominance of concentrated flow in buffer strips in many landscapes (Dosskey 2002; Sheppard et al. 2006; Tomer et al. 2007; Knight et al. 2010; Pankau et al. 2012) suggests that placement of buffers in the concentrated flow path of the linear erosion feature (e.g., gully, channel, ravine, swale, and draw) may be more effective than planting rectangular buffer strips (Sheppard et al. 2006; Stewart et al. 2011) .
A buffer design tool for the Canadian prairies recommends designing buffers depending on whether surface runoff is mainly shallow overland flow (i.e., sheet or rill) or concentrated flow in natural channels (Stewart et al. 2011 ). If runoff is by concentrated flow path in a channel (gully, draw, and swale), the buffer recommendation is seeding grass in the concentrated flow path of the channel as far as visual signs of erosion or deposition. However, no recommendations were given for minimum distances to grass the concentrated flow paths in the channels because of a lack of research on the effectiveness of buffers to filter pollutants from concentrated flow in these linear erosion features.
Little research has evaluated the effectiveness of buffers to filter nutrients and sediment from concentrated flow (Daniels and Gilliam 1996; Sharpley et al. 1996; Dosskey et al. 2002; Blanco-Canqui et al. 2004 Fiener and Auerswald 2005; Krutz et al. 2005; Dorioz et al. 2006) , particularly in the Great Plains region of North America (Sheppard et al. 2006; Evans 2010 ). In addition, most buffer studies have focused on concentrated flow in relatively shallow (<1 m) gullies, and little research has been conducted on concentrated flow in buffers of deeper gullies that are several meters in depth. A major research gap for buffers is quantifying their capability to reduce gully erosion (Dosskey 2002) . Sharpley et al. (1996) reported that deep gullies in Oklahoma with constructed grass buffers (and land shaping and retention ponds) had considerably lower mass loss of sediment, total N, and total P compared with gullies with no best management practices. Dosskey et al. (2002) evaluated concentrated flow through natural riparian buffer strips (9-35 m length) at four farms in Nebraska using a hydrologic model. They found that 41-99% of sediment could be removed from sheet flow, and only 15-43% was removed during shallow concentrated flow, suggesting that concentrated flow may greatly limit filtering of sediment. Blanco-Canqui et al. (2004) found that stiff grass barriers may be effective for filtering sediment and nutrients from concentrated flow in shallow channels (10-cm depth) located in the pollutant source area but that terminate at the inlet of the buffer. Blanco-Canqui et al. (2006) reported that narrow and constructed filter strips in Missouri were well suited to filter sediment and remove nutrients for interrill flow under rainfall simulation, but their performance for concentrated flow may be diminished under heavy rainfall, even on gentle slopes (<5%). However, they did not examine the buffer capacity of filter strips for concentrated flow paths that extended through the source area as well as the buffer strip. Fiener and Auerswald (2005) used experimental data, modeling, and sensitivity analysis to evaluate the influence of water input, morphology (length, width, and slope), soil (hydraulic conductivity and air-filled porosity), and vegetation (Manning's roughness coefficient and rooting depth) parameters on reduction in inflow volume and time to runoff for concentrated flow in channels of grassed waterways. They found that runoff reduction was dominated by inflow rates, with lower inflow rates increasing the time to runoff. Channel morphology or shape (length and width) was also found to be more important than soil and vegetation parameters. There was a positive relationship between length and width (shape) versus runoff reduction and time to runoff, whereas slope had little effect. There was a positive relationship between hydraulic conductivity (K) of the structured soil and time to runoff at K values >10 −6 m s −1 , but no relationship between 10 −9 and 10 −7 m s −1 . There was also a positive relationship between Manning's roughness coefficient (n) and reduction in inflow volume and time to runoff, but there was little influence of rooting depth. They concluded that flat-bottomed grassed waterways were optimal for runoff reduction of concentrated flow and recommended that the vegetation be mowed after developing stiff stems to a height not shorter than 0.15 m to prevent sward-damaging sedimentation and flattening of plants. Sheppard et al. (2006) measured phosphorus in concentrated runoff (primarily from snowmelt) and the soil of the flow path area of naturally vegetated buffers in flat (<2%) landscapes of Manitoba to evaluate the effectiveness of these vegetated field margins adjacent to cropland to act as natural buffers. They found that although 5 m buffers along cultivated field margins can be effective at removing P in runoff from concentrated flow in shallow (≤30 cm) channels, these buffers may not have sufficient capacity to retain runoff P in the longer term because of short-circuiting of the buffer by concentrated flow in shallow channels or swales. They concluded that vegetated and shallow swales or channels that extend into the cropland field along shallow gullies may prove to be more effective at retaining runoff P than a uniformwidth buffer strip because of the increased contact between the vegetated soils in the swale and runoff. Sheppard et al. (2006) used various soil criteria and assumed that soil enrichment of extractable P in vegetated buffers was indirect evidence of filtering processes during runoff. Greater soil P enrichment inside than outside the flow path of the buffer, and greater soil P enrichment at the inlet than further downslope within the flow path of the buffer, were indicative of deposition process. Greater soil enrichment of extractable P at depth in the flow path of the buffer was indicative of the infiltration process. Soil properties of vegetated buffers have also been used by other researchers to evaluate the long-term effectiveness of buffers (Cooper et al. 1995; Evans 2010 ) and release of soil nutrients from buffers (Stutter and Richards 2012) .
Most buffer studies have focused on comparing inputs versus outputs of pollutants in runoff and have been of "short duration" (min to h), but a different approach using soil properties can provide a better understanding of the processes involved and the "long-term" (decades) sustainability of these processes (Cooper et al. 1995) . The main pollutant removal processes in vegetated buffers are filtration and deposition, absorption, adsorption, infiltration, plant uptake, and volatilization (Mostaghimi et al. 2001) . Sedimentation (deposition) and sorption are generally the main processes removing sediment and adsorbed pollutants from runoff, whereas infiltration is generally the main process removing dissolved pollutants (Zhang et al. 2010) .
The use of soil enrichment or retention to infer "longterm" filtering of runoff in vegetated buffers is justified because there is generally a very strong positive relationship between N and P in surface soil and runoff. However, most studies have focused on nutrient release to runoff during water erosion (Little et al. 2005 (Little et al. , 2007 Miller et al. 2006; Volf et al. 2007; Kleinman et al. 2011) rather than nutrient retention by filtration. Although nutrient "retention" in vegetated buffers is the opposite of "mobilization" (release) by water erosion from pollutant source areas, retention involves similar physical, geochemical, and biological processes (Roberts et al. 2012) . Relatively high retention percentages or removal efficiencies of sediment, N, and P in vegetated buffers (Dorioz et al. 2006; Hoffmann et al. 2009; Zhang et al. 2010; Roberts et al. 2012 ) also suggest that sediment and nutrient in runoff through the buffer is diverted and retained or enriched in the soil pool.
Snowmelt runoff is considerably lower in the Chinook Belt of southwestern Alberta compared with the rest of the Canadian prairies (Maulé and Gray 1994) . Chinooks are mountain winds that blow in regions where long mountain chains are at right angles to the prevailing wind, and they cause unseasonably warm air temperatures and sublimation of the snowpack during the winter (Nkemdirim 1996) . We are unaware of any studies on the effectiveness of natural buffers in concentrated flow paths of deep gullies in this unique Chinook region where snowmelt runoff is not as dominant as elsewhere in the Canadian prairies.
The objective of this study was to determine the effectiveness of vegetated buffers to retain nutrients and sediment in soil from concentrated runoff through deep gullies in southern Alberta.
Materials and Methods

Description of study area
The study area is located within the Lower Little Bow watershed (Little et al. 2003) in the southwest region of the province of Alberta, Canada. The watershed is about 50 km northeast of the city of Lethbridge. The soil is within the Mixedgrass natural subregion (Adams et al. 2005) . Dominant soils are Dark Brown Chernozems. The long-term annual precipitation in the study area is 382 mm (Alberta Agriculture and Rural Development 2013).
Soil map unit descriptions
The 11 sites in this study ( Fig. 1) were located on three map units, which are hereafter referred to as three "soil types". Five of the sites (Table 1) were located on the ZUN (undifferentiated mineral soils) soil type (miscellaneous undifferentiated mineral soil), three sites were located on the LEWN (Lethbridge-Whitney soil series) soil type, and three sites were located on the RDWN (Readymade-Whitney soil series) soil type (Alberta Soil Information Centre 2001).
The ZUN soil type consists of miscellaneous undifferentiated mineral soil series and is located on inclined to steep, high-relief landform with a limiting slope of 35%. They occur on valley (steep slopes) and floodplain landform with slopes ranging from 1% to 5% on the floodplain and up to 35% on the side slopes.
The LEWN soil type consists of Orthic Dark Brown Chernozem on medium-textured sediments deposited by wind and water (LET or Lethbridge soil series), as well as Orthic Dark Brown Chernozem on medium-textured materials over medium or fine textured till (WNY or Whitney soil series). They occur on undulating, highrelief landform with a limiting slope of 4%.
The RDWN soil type consists of Orthic Dark Brown Chernozem on medium-textured till (RD), as well as WNY soils, and the polygon includes soils with Rego profiles. They occur on hummocky, low-relief landform with a limiting slope of 6%.
Soil at the 11 sites was generally medium textured, and the landform classification was variable. The soil texture outside the flow path of the vegetated gullies was clay loam (29% clay, 32% sand) for RDWN soil, loam for LEWN soil (21% clay, 36% sand), and loam for ZUN soil (22% clay, 35% sand). The slope lengths were approximately 150, 250, and 800 m for the RDWN, LEWN, and ZUN soils, respectively.
Selection of gully buffer sites
The 11 sites for this 3-yr (2011-2013) study were chosen based on visual evidence of concentrated flow in gullies that originated in the cropland (pollutant source area) and then discharged into vegetated gullies (buffer area) at the field margins ( Fig. 1 and Table 1 ). The concentrated flow entered the vegetated gullies, then continued downslope, and finally discharged into the Lower Little Bow River. Typical ground-view examples of gullies found on the three soil types are shown in Fig. 2 .
Similar to previous studies (Hickey and Doran 2004; Sheppard et al. 2006) , we considered the naturally vegetated field margins and gullies adjacent and downslope to cropland as a form of vegetated buffer. Gullied surfaces are modified by active fluvial erosion resulting in the development of parallel and subparallel, steep-sided, and narrow ravines in both consolidated and unconsolidated materials (Soil Classification Working Group 1998). Stewart et al. (2011) used the terms "channels" or "draws"; Sheppard et al. (2006) used the terms shallow "channels", "gullies", and "swales"; and Hansen et al. (2010) used the term "ravine". The term "gully" is used in our study.
Pollutant source area description
The land use in the dryland or irrigated cropland (pollutant source area) adjacent to the 11 vegetated buffers along the field margins was generally the same for many decades. The crops grown in the dryland or irrigated cropland fields consisted of alfalfa (Medicago sativa), cereals, corn (Zea mays L.), canola (Brassica napus), or sugar beets (Beta vulgaris L.), and were generally fertilized according to recommended rates (Alberta Agriculture, Food and Rural Development 2004) . The dryland and irrigated cropland fields adjacent to the buffer sites were amended with feedlot manure, and all soil sampling was conducted prior to any manure application in late fall.
Evidence of water erosion in the gullies of the cropland was indicated on air photos and follow-up field inspections. In addition, shallow overland flow as sheet or rill erosion from the cropland into the gullies may have contributed additional runoff to concentrated flow. Snow also accumulated in the gullies of the cropland from wind, and this snow accumulation also likely contributed some snowmelt runoff to concentrated flow in the gullies. 
Gully buffer description
All vegetated field borders containing the 11 gully buffer sites were naturally occurring grasses and forbs, and to our knowledge were not seeded with specific vegetation. The dominant plant species (all of introduced origin) in the flow path of the vegetative buffers at the 7 sites was Poa pratensis (Kentucky bluegrass) ( Table 1) . Phalaris arundinacea (reed canary grass), Bromus inermisElytrigia repens (smooth brome-couch grass or quack grass), Bromus inermis-Poa pratensis, and Bromus inermis were the dominant species in the grassed flow path at the other four sites. These introduced grasses are typically found in vegetated field margins adjacent to dryland and irrigated cropland in southern Alberta. None of the buffer sites were grazed by cattle in 2011 and 2013, but sites 5-8 that were sampled in 2012 were grazed by approximately 200 beef cattle for about 1 mo after harvest in the fall (3.1 animal unit month or AUM ha −1 ). Cattle grazed both the vegetated field margins (containing gully buffer) and adjacent cropland. None of the vegetated buffers were mowed.
Three buffer sites (sites 1, 3, and 8) had natural wetlands or constructed dugouts (with earthen berms) further downslope within the vegetated flow path, indicating considerable volume of concentrated flow, and this also confirmed that concentrated flow had moved through the vegetated flow path for a considerable distance. For example, the distance from the inlet of gully buffer to the dugout at site 1 was 106 m. There was also visual evidence of concentrated flow in the vegetated flow paths as indicated by bending of vegetation in the direction of surface runoff, as well as deposition of sediment on top of the vegetation. Communication with landowners and field inspections confirmed that the majority of the water in the wetlands or dugouts originated from surface runoff rather than groundwater seepage.
All vegetated gullies were U-shaped, except for site 10 which was V-shaped. All 11 gullies were within 5-14 km of each other. The vegetated gullies were relatively deep, with maximum depths ranging from about 2-14 m as determined using a portable GPS system, and the gully depths generally increased downslope from the cropland-buffer border. The maximum depth of the gullies in the cropland ranged from 0.3 to 3 m. The slope of the flow path downslope in the gullies as measured with a portable slope meter ranged from 5% to 14%. Gully dimensions were estimated using Google Earth (Map data: Google and DigitalGlobe). The length of the gullies in the cropland ranged from about 65 to 810 m, and the length of the vegetated gullies ranged from 85 to 730 m. The minimum width of vegetated gullies ranged from about 10 to 70 m, and the maximum width ranged from 20 to 110 m. Six buffer sites received surface runoff from irrigated cropland, and five sites were adjacent to dryland cropland. 
Soil sampling and analyses
Four vegetated gully sites were sampled 4-14 October 2011, four sites were sampled 18-24 September 2012, and three sites were sampled 10-30 September 2013 (Fig. 1) . Soil samples at each of the 11 sites were taken at three depth intervals (0-2.5, 2.5-5, and 5-10 cm) along two parallel transects (Fig. 3) . One transect was located inside the flow path (≤1 m wide), and the second transect was outside the flow path and gully at the crest slope position. Soil samples were taken at 13 distances along each of the two transects (0.5, 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 40 , and 50 m from crop-vegetated border). Sampling distances were closer together near the gully inlet as previous research has reported that most filtration for channel flow in vegetated field margins occurs within 5 m (Sheppard et al. 2006 ). There was no visual evidence of gleying (i.e., red mottles or gray matrix colors indicating anaerobic conditions) in the 0-10 cm depth of soil sampled at any of the sites, which suggested generally aerobic conditions. Soil samples were analyzed for soil test P (STP), clay, silt, and sand for all 11 sites that were sampled in the 3 yr. Soil samples were also analyzed for NH 4 -N, NO 3 -N, and total P for the eight sites sampled in 2011 and 2012, but not for the three sites sampled in 2013.
Surface soil samples were air-dried and ground to pass a 2-mm screen. Nitrate-N and NH 4 -N were extracted using 2 mol L -1 KCl (1:10 soil:KCL ratio), shaken for 30 min, and then analyzed on the autoanalyzer (Maynard et al. 2008) . Total P was determined by strong acid (HNO 3 -H 2 O 2 ) extraction using the EPA method 3050B (Environmental Protection Agency 1996), and then total P was measured using the inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis. Soil was extracted for STP using the modified Kelowna method (0.15 mol L -1 NH 4 F, 1.0 mol L −1 HOAc, and 0.5 mol L −1 NH 4 HOAc) (Ashworth and Mrazek 1995) and was then analyzed using ICP-AES. Particle-size analysis was conducted using the hydrometer method (Kroetsch and Wang 2008) .
Criteria evaluated for evidence of soil enrichment
Three soil criteria originally proposed by Sheppard et al. (2006) , and based on soil properties that could be statistically evaluated as evidence of enrichment or retention of nutrients and sediment by the vegetated buffers, were used in our study. The soil criteria are based on the assumption that enrichment of nutrients and sediments in soil of buffers is an indirect indicator of deposition and filtering by runoff, and that this soil evidence can be used to infer filtering processes in the buffer. In addition, we assumed that soil enrichment in the vegetated buffer was mainly due to deposition by runoff and not by wind erosion. The first criterion was that greater enrichment of nutrient and sediment inside than outside of the vegetated flow path would be indicative of deposition and filtering in the flow path. We assumed that deposition in the flow path would be mainly from concentrated flow rather than sheet or rill erosion from the side-slopes of the gullies. The sideslopes of the gullies were vegetated, and we observed little evidence of sheet or rill erosion on these slopes. In addition, the volume of runoff would have been considerably greater for concentrated flow than sheet or rill erosion. This was confirmed by the presence of dugouts or wetlands downslope of the vegetated gullies for sites 1, 3, and 8; as well as bent-over vegetation in the direction of runoff and deposition of sediment on the flattened vegetation.
The second criterion was that greater enrichment of nutrients and sediment at the front (0.5-5 m) than middle (10-20 m) or back (25-50 m) of the vegetated flow path would be indicative of enrichment by deposition at the cropland-buffer border (buffer inlet). This is the Fig. 2 . Typical examples of the 11 naturally vegetated gullies on the three soil types used in this study. The three gullies or sites shown are site 3 (upslope view) on LEWN soil, site 6 (downslope view) on RDWN soil, and site 8 (downslope view) on ZUN soil (Photo source: Tony Curtis).
"deposits of eroded materials" curve shown by Dorioz et al. (2006, Fig. 1 ). However, we grouped the distances into three broad categories of front (0.5-5 m), middle (10-20), and back (25-50 m) of the vegetated flow path to simplify the statistical analysis as there were 13 separate distances. The third criterion was that greater enrichment of more soluble nutrients (NO 3 -N, STP) in the subsoil than surface soil of the vegetated flow path would be indicative of greater infiltration in the flow path of the buffer.
Statistical analyses
A four-way MIXED model analysis using SAS (SAS Institute Inc. 2005) was conducted to evaluate the fixed effects of soil type (LEWN, RDWN, and ZUN), flow path (inside vs. outside flow path), distance into vegetated flow path of buffer (0.5-5, 10-20, and 25-50 m), and depth (0-2.5, 2.5-5, and 5-10 cm) in the vegetated flow path of the buffer. The random effect used was the 11 sites. Means separation was conducted at the P ≤ 0.05 level of significance using least significant difference (LSD) (N ≤ 5 means) or Tukey-Kramer test (N > 5 means). If required, data were log-transformed to satisfy assumptions of normal distribution and homogeneous variances for statistical analysis. Untransformed means and standard errors are reported, except for STP, where geometric means and standard errors are shown.
Results
The STP (0-10 cm depth) outside the flow path of the cropland or pollutant source area (0.5-10 m distance from vegetated-cropland border) for the 11 sites ranged from 30 to 1292 mg kg −1 (Table 1) , and the mean (277 mg kg −1 ) value exceeded the maximum recommended limit of 60 mg kg −1 for STP (0-15 cm) for cropland of Alberta (Paterson et al. 2006) . Inorganic N (NH 4 -N + NO 3 -N) at the 0-10 cm depth ranged from 35 to 115 mg kg −1 at sites 1-8, and the mean was 58.6 mg kg −1 . There was a significant three-way interaction of soil type × flow path × distance on NH 4 -N (Table 2) . For the flow path comparison within this three-way interaction, mean NH 4 -N was similar inside and outside the flow path at all three distances for the buffers on the LEWN soil type (Table 3) . For the RDWN soil, NH 4 -N was similar inside and outside the flow path at the 0.5-5 m distance and was 69-88% greater inside than outside the flow path at the 10-20 m and 25-50 m distances of the buffer. For the ZUN soil, NH 4 -N was 68% greater inside than outside the flow path at the 0.5-5 m distance, but mean values were similar inside and outside the flow path at the other two distances.
Within the soil type × flow path × distance interaction, there was no distance effect on NH 4 -N within the flow path of vegetated buffers located on the LEWN and RDWN soils (Table 3 ). In contrast, NH 4 -N inside the flow path for the ZUN soil was 36% greater at the 0.5-5 m than 25-50 m distance, but mean values were similar between the other two distance values.
There was also a significant three-way interaction of soil type × flow path × depth on NH 4 -N (Table 2) . For the flow path comparison within the three-way interaction, there was no flow path effect for the LEWN soil type (Table 4) . For the RDWN soil, NH 4 -N was 40-92% greater inside than outside the flow path for the 0-2.5 cm and 5-10 cm depths, and flow path had no influence at the 2.5-5 cm depth. Mean NH 4 -N values for the ZUN soil type were similar inside and outside the flow path at the 0-2.5 cm depth and were 61-71% greater inside than outside the flow path at the lower two depths.
There was a significant soil type × flow path × distance interaction on NO 3 -N (Table 2 ). There was no flow path effect at any of the three distances for the LEWN and RDWN soils (Table 3) . In contrast, NO 3 -N was 93% to fourfold greater inside than outside the flow path at all three distances for the ZUN soil. There was no distance effect inside the flow path for any of these three soils.
There was a significant flow path × distance interaction on STP (Table 2) , where mean values were 38-110% greater inside than outside the flow path of the buffer for the three distances (Fig. 4a) . In addition, differences in STP between inside and outside the flow path were greatest at the inlet (0.5-5 m) of the vegetated gully, and decreased with greater distance. There was a significant soil type × flow path × distance effect on total P (Table 2 ). There was no flow path effect for total P on the LEWN soil type (Table 3 ). Mean total P was significantly greater by 20-45% inside than outside the flow path at all three distances for the RDWN and ZUN soils (Table 3) .
There was a significant soil type × flow path interaction on clay content (Table 2) . Flow path had no influence on clay content for the LEWN soil, whereas clay content was 7% greater outside than inside the flow path for the RDWN soil, and 12% greater inside than outside the flow path for the ZUN soil type (Fig. 4b ). There was a significant soil type × flow path × distance interaction on silt content (Table 2 ). Mean silt content was similar inside and outside the flow path for the LEWN and RDWN soils, but was 12-23% greater outside than inside the flow path at the front (0.5-5 m) and back (25-50 m) of the buffer for the ZUN soil (Table 3) . There was a significant main effect of flow path on sand content (Table 2) , where mean values were 8% greater inside than outside the flow path (Fig. 4c) . Table 2 . Influence of soil type (LEWN, RDWN, and ZUN), flow path (inside vs. outside flow path), distance (0.5-5, 10-20, and 25-50 m) into vegetated flow path from the vegetated-cropland border (buffer inlet), depth (0-2.5, 2.5-5, and 5-10 cm), and their interactions on nutrients and particle size fractions in soil of vegetated gully. Significant treatment effects at 0.05 (*), 0.01 (**), and 0.001 (***) probability levels. NS, not significant (P > 0.05). 
Discussion
Greater soil enrichment or retention of nutrients and specific particle size fractions inside than outside the vegetated flow path supported the first criterion of greater deposition in the flow path of these natural vegetated gullies, and was evidence that soil in these buffers may have retained pollutants from concentrated flow. However, soil enrichment in the flow path depended on the interaction with soil type and distance (NH 4 -N, NO 3 -N, and total P), soil type and depth (NH 4 -N), distance (STP), and soil type (clay). Sand content was the only soil variable that was affected by the main effect of flow path where it was enriched inside the flow path compared with outside the flow path of vegetated gully for all soils. Sand enrichment is prevalent in vegetated buffers, particularly deposition at the front of the buffer, and is caused by progressive sorting due to infiltration and slowing of runoff (Dorioz et al. 2006; Garabaghi et al. 2006; Owens et al. 2007) . Surface runoff in the flow path of the gullies and high flow rates likely transported larger sand particles throughout the entire length of the flow path within the gully buffers.
There were significant flow path effects for NH 4 -N, NO 3 -N, total P, and clay content for the RDWN and ZUN soils, but there was no evidence of soil enrichment in the vegetated flow paths for the LEWN soil. All three sites on the LEWN soil type received surface runoff from adjacent cropped fields under dryland production. In contrast, three of five sites on the ZUN soil type, and all three sites on the RDWN soil type, were irrigated. There is an inverse relationship between instantaneous inflow rate and buffer effectiveness for short-term experiments (Abu-Zreig et al. 2003; Fiener and Auerswald 2005; Garabaghi et al. 2006 ). However, a greater total volume of runoff and mass loads of sediment and nutrients likely occurred into the vegetated flow paths of the gullies for the irrigated than dryland soils over the longterm. Greater buffer widths are recommended for irrigated than dryland cropland because there is a greater runoff potential from irrigated cropland (Alberta Agriculture and Forestry 2015). Little et al. (2007) conducted a 3-yr study of surface runoff in the Lower Little Bow watershed in southern Alberta and found that irrigation runoff occurred in all 3 yr.
The degree of soil enrichment or retention inside than outside the flow paths of the vegetated gullies ranged from 40% to 92% for NH 4 -N, 99% to 336% for NO 3 -N, 20% to 45% for total P, 38% to 110% for STP, 12% for clay, and 8% for sand, and the overall range of enrichments ranged from 8% to 336%. Sheppard et al. (2006) also sampled soil in the flow path of shallow vegetated channels and adjacent nonflow path areas at 10 sites along field margins in flat (<2% slope) landscapes in Manitoba. They analyzed STP (modified Kelowna extract) data for each buffer soil separately and found that only four of 10 sites had significant enrichments (flow path   Table 3 . Influence of soil type × flow path × distance on selected nutrients and particle size fractions in soil of vegetated gullies. Outside 0.5-5.0 4.1 ± 0.5a 5.8 ± 0.4bc 3.8 ± 0.2b 11.4 ± 1.9b 3.5 ± 0.7a 5.5 ± 1.1bc 600 ± 10.4a 525 ± 12.6b 536 ± 10.5b 434 ± 10a 402 ± 6a
± 8a
Inside 10-20 4.0 ± 0.3a 8.3 ± 0.9ab 5.2 ± 0.4ab 13.6 ± 2.7ab 1.7 ± 0.3a 8.6 ± 2.0ab 630 ± 19.4a 644 ± 19.2a 698 ± 19.8a 406 ± 16a 375 ± 10ab 376 ± 14bcd
Outside 10-20 4.5 ± 0.7a 4.9 ± 0.6c 3.7 ± 0.7b 12.2 ± 3.2b 1.5 ± 0.2a 2.5 ± 0.9cd 579 ± 22.9a 489 ± 17.2b 501 ± 11.4b 431 ± 13a 373 ± 10ab 419 ± 11abc
Inside 25-50 3.6 ± 0.4a 9.2 ± 0.9a 4.7 ± 0.5b 12.6 ± 2.0ab 3.2 ± 0.8a 6.1 ± 1.3ab 623 ± 26.5a 703 ± 26.0a 663 ± 20.5a 436 ± 10a 331 ± 10b 373 ± 10cd
Outside 25-50 4.1 ± 0.8a 4.9 ± 0.8c 4.4 ± 0.5b 16.2 ± 2.5ab 1.7 ± 0.3a 1.4 ± 0.2d 587 ± 27.6a 486 ± 18.5b 553 ± 11.0b 431 ± 15a 377 ± 11ab 419 ± 12ab criterion) of STP that ranged from -7% to 132% (mean of 40%). Evans (2010) analyzed soil STP in the flow path and adjacent nonflow path areas within three riparian buffers with steeper slopes (≤9%) in Manitoba and found evidence of STP (and Cs-137) enrichment at two of three sites. Greater evidence of STP enrichment in our study than the Sheppard study may have been due to greater soil erosion caused by more irrigation events in our study, the deeper gullies and greater slopes in the Alberta (4-35%) study than the Sheppard (<2%) study, as well as to the much greater STP in the adjacent cropped fields in the Alberta study (30-1292 mg kg −1 ) than the Sheppard study (5-92 mg kg −1 ). Zhang et al. (2010) reported that the buffer slope (for mainly sheet or rill erosion) was linearly associated with sediment removal efficacy either positively when slopes were ≤10% or negatively when slopes were >10%. As the majority of our buffer sites had flow path slopes <10%, there may have been a positive relationship between slope and buffer effectiveness. However, studies on concentrated flow in grassed waterways found that channel width, length, and shape had more influence on buffer effectiveness, and the slope had little effect on runoff volume or time to runoff (Fiener and Auerswald 2005) .
In addition, plant cover, density, height, and stem stiffness may have also influenced filtering and soil deposition. Vegetation for filtering concentrated runoff needs to provide a dense cover and a root or rhizome structure that holds the soil in place in order to resist erosion, and it must stand upright (stiff stems) during runoff events in order to provide maximum residence time, hydraulic roughness, and pollutant removal (Jurries et al. 2003) . Increased hydraulic roughness is desirable for buffer vegetation with concentrated flow, but hydraulic roughness may become too high and dramatically increase sediment trapping that may damage the vegetation (i.e., flattening of vegetation) and cause ephemeral gullying Auerswald 2003, 2005) .
The extremely high STP levels >1000 mg kg −1 in cropland fields at sites 10 and 11 were likely caused by long-term and high application rates of manure. Whalen and Chang (2001) found STP (0-15 cm depth) as high as 964 mg kg −1 after 16 yr of annual beef manure application (180 Mg ha −1 ) to continuous cropped and irrigated land in southern Alberta. Alberta Agriculture and Rural Development (2014) reported STP as high as 1300 mg kg −1 in long-term manured fields in southern Alberta. However, STP concentrations in the vegetated flow paths were lower than the suggested agronomic threshold of 60 mg kg −1 (Howard et al. 2006) , suggesting that soil in the vegetated buffers was not saturated with P, and was still acting as a sink. The rate of P release (slope) from Alberta soils changes from linear to quadratic close to the agronomic threshold (Little et al. 2007 ), which suggests P saturation. The critical threshold for degree of P saturation for Alberta soils is also generally similar to the agronomic threshold of 60 mg kg −1 (Casson et al. 2006 ). The findings suggested that NH 4 -N, silt, and STP were enriched at the front (0.5-5 m) or inlet of the buffer close to the vegetated-crop border, but sometimes the distance effect was dependent on soil type. Ammonium-N was 36% greater at the 0.5-5 m distance than 25-50 m distance for the ZUN soil, silt was 24% greater at 0.5-5 m distance than 25-50 m distance for RDWN soil, and STP was 130% greater at the 0.5-5 m distance than the 25-50 m distance when averaged over all soil types. The finding of greater STP at the 0.5-5 m distance than greater distances into the vegetated gully was consistent with other studies. Sheppard et al. (2006) reported that eight of ten buffer sites had greater extractable P enrichment at the field edge compared with 5 m into the buffer, but they found little evidence of greater enrichment at 5 m than 10 m. In contrast, NH 4 -N (LEWN and RDWN soils), NO 3 -N, total P, sand, silt (LEWN and ZUN soils), and clay were generally not enriched at the front of the buffer.
The lack of a distance effect for the majority of soil nutrients and particle size fractions may have been due to grouping the 13 distances into three broad categories Inside 0-2.5 4.1 ± 0.4abc 10.2 ± 0.9a 6.5 ± 0.5a Outside 0-2.5 4.0 ± 0.6abc 7.3 ± 0.8b 5.7 ± 0.5a
Inside 2.5-5.0 3.1 ± 0.2bc 6.9 ± 0.5b 5.3 ± 0.5a Outside 2.5-5.0 2.7 ± 0.2c 5.0 ± 0.3bc 3.1 ± 0.2b
Inside 5-10 4.7 ± 0.5ab 6.9 ± 0.7b 5.0 ± 0.4a Outside 5-10 5.9 ± 0.9a 3.6 ± 0.2c 3.1 ± 0.4b
Note: Values are means ± standard error. Mean values within a column followed by the same lowercase letters are not significantly different (P ≤ 0.05) as determined by the Tukey-Kramer test.
(i.e., spatial scale effect), progressive sorting, the fastmoving and large quantities of concentrated runoff, physical saturation of the flow path, remobilization of sediment and nutrients within the flow path, and no mowing of the buffers. It is possible that more significant distance effects may have occurred if each distance was considered separately as was done by Sheppard et al. (2006) and who found more significant distance effects. Little evidence of enrichment of nutrients and sediment at the front of the buffer may have been partially due to preferential sorting of sediment and sediment-associated nutrients within the buffer. Although most deposition of sediment-associated nutrients and sediment occurs at the front or inlet of buffers, preferential sorting results in progressive deposition of coarser sand fractions and then the finer silt and clay fractions and associated nutrients downslope (Dorioz et al. 2006; Garabaghi et al. 2006) . As most nutrients are associated more with clay and silt fractions than sand fractions in runoff (Dorioz et al. 2006; Owens et al. 2007 ), this could result in greater soil enrichment of nutrients (associated with clay and silt in runoff) further down the buffer than at the inlet. The fast-moving and large quantities of concentrated runoff may have also minimized or prohibited deposition at the inlet of the buffer, as deposition in buffers is generally inversely related to the flow rate (Abu-Zreig et al. 2003; Garabaghi et al. 2006) . Plugging of surface soil pores by finer sediment may have also caused physical saturation of the buffer, thereby minimizing any distance effects (Sheppard et al. 2006) . When runoff episodes follow one another too frequently, sediments that are deposited but not consolidated can be remobilized by subsequent erosion (Dorioz et al. 2006) .
Frequent mowing of vegetation in grassed waterways to a 0.15-m height is recommended after the vegetation has developed stiff stems to reduce hydraulic roughness, prevent sward-damaging sedimentation, and to prevent submergence of plants during concentrated flow Auerswald 2003, 2005) . As the vegetated buffers in our study were not mowed, this may have limited the effectiveness of the buffers in our deep gullies. Miller et al. (2015) reported no mowing effect on filtering of sediment, nutrients, and bacteria for short-width buffers (1.5-6 m) in the same watershed, but this was for shallow overland flow and not concentrated flow, and the plant species were not the same as in the gullies of this study. The influence of mowing on effectiveness of buffers for concentrated flow in deep gullies warrants further research.
Greater enrichment of sand inside than outside the vegetated flow path, but with no significant effect of distance on sand content suggested that sand enrichment may have occurred throughout the entire 50-m length of the buffer. Our finding of sand enrichment averaged over the 50-m distance in the buffer was contrary to most studies that have reported that the majority of coarser sediment was trapped within the first few metres of vegetated buffers under sheet or rill erosion (Dorioz et al. 2006; Garabaghi et al. 2006; Owens et al. 2007 ). The greater distance of sand enrichment in our study may have been due to more concentrated runoff in deep gullies with greater flow rates that may have transported the sand much further distance into the vegetated flow paths. Redistribution of sand within the buffers of the gullies may have also contributed to greater distance of sand enrichment. In addition, 10 of 11 sites were U-shaped, which may have contributed to more effective filtering of sand. Flat-bottomed compared with V-shaped channels are more effective in reducing concentrated runoff in grassed waterways (Fiener and Auerswald 2005) . Owens et al. (2007) used astro-turf mats to collect runoff sediment (mainly rill erosion) from buffers (hedge, grass, wetland) in the UK and found that about half of all the mats that collected sediment were from the front (3 m) or inlet of the buffers, and that most of the sediment collected on the mats was sand-sized (>63 μm) material. They also concluded that the buffers trapped coarser sediment with lower P concentrations than the contributing topsoil, which suggested that the finer fraction (enriched in total-P) may be passing through the buffers toward river channels. Evidence of greater sand enrichment inside than outside the flow path and no evidence of clay enrichment inside the flow path for buffers on the LEWN and RDWN soils supported the finding of Owens et al. (2007) . In contrast, greater sand enrichment inside than outside the flow path (averaged over all soils), and greater clay enrichment inside than outside the flow path for the ZUN soil type suggested that both sand and clay enrichment occurred for buffers on the ZUN soils. Enrichment of sand and clay may have occurred at different times over the long term, and was then subsequently reflected in the soil. Alternatively, the inherent variability in texture of the soils may have been a contributing factor to simultaneous enrichment.
We found no evidence to support the third criterion that more soluble nutrients (NO 3 -N, STP) would be enriched in the subsoil compared with surface soil of the vegetated flow path because of infiltration. No enrichment of NO 3 -N in the subsoil may have been due to low infiltration of runoff because of fast-moving and concentrated flow in deep gullies, plant uptake of NO 3 , leaching, and denitrification. Low soil infiltration because of plugging of surface soil by fine sediment may have caused little percolation of NO 3 into the subsoil, and the high flow rates of concentrated flow in these deep gullies would have reduced the amount of time available for infiltration during runoff. Plant uptake may have recycled NO 3 back to the surface soil by fallen litter, off-setting any enrichment at depth. Leaching of soluble NO 3 to greater depths may have removed NO 3 -N from the subsoil, and denitrification may have caused a loss of soil NO 3 from the vegetated buffer into the atmosphere.
Lack of enrichment of STP in the subsoil may have been due to lower mobility of extractable P, low infiltration, and plant uptake. Sheppard et al. (2006) compared STP in subsoil (8-10 cm depth) of flow path area and adjacent nonflow path area for vegetated field margins and found a mean significant enrichment of 52% (10 sites) in the subsoil of the flow path, which indicated enrichment at depth. They suggested that the extractable P had penetrated into the soil in the buffer possibly by infiltration of runoff water or by preferential flow through macropores created by plant roots or earthworms. In our study, it is also possible that deposition of eroded sediment to a depth of 10 cm or more in the flow path over many decades may have also contributed to our inability to detect evidence of nutrient enrichment in the subsoil.
Of the three criteria that were evaluated, the first criterion of greater soil enrichment inside than outside the flow path was satisfied the most for the four nutrients and three sediment fractions, followed by the second criterion of greater enrichment at the croplandbuffer border (buffer inlet), and then the third criterion of greater enrichment in subsoil. In comparison, Sheppard et al. (2006) found that both flow path and distance criteria were satisfied the most for extractable P. However, they also found considerable evidence of enrichment for extractable P in soil of buffers compared with upslope cropland field. More distance effects in their study may have been due to them comparing field edge versus 5 m distance or 5-versus 10-m distances and not grouping the distances into broader groups as was done in our study (i.e., spatial scale effect). Sheppard et al. (2006) found that both P in runoff and soil of vegetated buffers suggested effective removal of P in runoff in some buffers but not others. Although their findings suggested relatively good agreement between findings from runoff and soil criteria, they did not focus on comparing the two. The short duration (min to h) of runoff experiments and long-term (decades) signature of soil properties suggests that validation of soil criteria using runoff information may be very difficult because of widely different temporal scales.
The finding of stronger evidence of soil enrichment for STP compared with available N (NH 4 , NO 3 ) was likely due to the stronger relationship between P in runoff versus STP (Little et al. 2007 ) compared with N (NO 3 and total N) in runoff versus soil NO 3 (Casson et al. 2008) for Alberta soils. The finding of stronger evidence for soil enrichment of STP compared with total P was likely related to the strong relationship between dissolved reactive P or total P in runoff versus STP for soils in Alberta (Little et al. 2007 ). In addition, greater enrichment ratios (nutrient content of eroded sediment to that of source soil) for STP than total P for eroded sediment (Sharpley 1985) may have also contributed to greater enrichment of STP than total P in soils of the gully buffers.
Conclusions
Our findings suggested stronger evidence of enrichment inside than outside the flow path of the vegetated gullies compared with enrichment at the front or inlet of the buffers or infiltration of more soluble nutrients into the subsoil. Therefore, soil information may be a useful indirect method to reveal more detail about various buffer processes, particularly in the soil component of soil-runoff interaction occurring in buffers. The strongest soil evidence to suggest that vegetated buffers in deep gullies were effective for retaining nutrients and sediment in soil during concentrated runoff from cropland over the long term was for STP, where the first two criteria were supported. Although our findings suggest that soil in these buffers of deep gullies may retain STP, further research should be done using runoff experiments to directly determine if soluble P in runoff is reduced. This would also allow a comparison of soil and runoff information to provide stronger evidence of filtering and buffer effectiveness. Although enrichment of STP was an indirect indicator of buffer effectiveness, it does provide a long-term signature of filtering and retention of nutrients in buffers over many decades. Further research is required in the field to determine inflow and outflow concentrations of nutrients and sediment in concentrated runoff through vegetated flow paths in deep gullies to quantify the percent reductions and effective filtering of pollutants in actual runoff over short durations. The quantity of pollutants in runoff outflow that is transported through these concentrated flow paths in the vegetated gullies is unknown, and cannot be determined from soil properties.
Ideally, it would be advantageous to use soil and runoff criteria to evaluate the effectiveness of vegetated buffers. Soil properties may reflect long-term processes of filtering and retention of pollutants whereas runoff experiments will quantify the proportion of sediments and nutrients that are partitioned to the soil pool and runoff outflow over a short duration. In addition, further research is required to study the relationship between nutrients in runoff through the buffer and nutrients retained in the soil of buffers. Most research has focused on relationships between nutrients in runoff (dependent variable) versus nutrients in soil (independent variable) during water erosion from pollutant source areas, rather than the relationships between nutrients in soil (dependent variable) versus nutrients in runoff (independent variable) during deposition and filtration in vegetated buffers. Although percentage removals and efficiencies quantify the amount of sediment and nutrients diverted to the soil pool, the nature of this relationship and process has not been extensively studied. Future research could also examine enrichment ratios of nutrients and sediment in vegetated buffers by comparing concentrations in the buffer to concentrations in source soil located upslope in the cropland fields.
